Femtosecond laser excitation of solid-state systems creates non-equilibrium hot electrons that cool down by transferring their energy to other degrees of freedom and ultimately to lattice vibrations of the solid. By combining ab initio calculations with ultrafast diffuse electron scattering we gain a detailed understanding of the complex nonequilibrium energy transfer between electrons and phonons in laser-excited Ni metal. Our experimental results show that the wavevector resolved population dynamics of phonon modes is distinctly different throughout the Brillouin zone and are in remarkable agreement with our theoretical results. We find that zone-boundary phonon modes become occupied first. As soon as the energy in these modes becomes larger than the average electron energy a backflow of energy from lattice to electronic degrees of freedom occurs. Subsequent excitation of lower-energy phonon modes drives the thermalization of the whole system on the picosecond timescale. We determine the evolving non-equilibrium phonon occupations which we find to deviate markedly from thermal occupations.
Introduction. The ability to measure dynamical processes in real time with femtosecond time-resolution has in recent years enabled observations of unexpected, non-equilibrium dynamical phenomena [1] [2] [3] [4] . In such pump-probe measurements an ultrashort optical laser pulse brings the electron system impulsively into a highly nonequilibrium state which is followed by energy transfer to other (lattice, spin) degrees of freedom in the solid. [5] [6] [7] . The ensuing strongly non-equilibrium dynamics offers innovative non-thermodynamic pathways to achieve ultrafast control of the material's properties already in the initial state before thermalization has been reached on longer timescales [8] [9] [10] [11] [12] .
The understanding of strongly non-equilibrium dynamics in solids is still very limited, in spite of its emerging importance from a fundamental and applied science viewpoint. The two-temperature model (2TM) [13] , commonly used for metals, assumes that the electronic and phononic subsystems are each in separate equilibrium at all times and reach global equilibrium by exchanging heat [13, 14] . Recent experiments have revealed that these assumptions are no longer tenable on ultrashort timescales [15] [16] [17] [18] [19] . The excited electron system reaches rapidly a uniform electron temperature through fast electron-electron scattering within a few hundred femtoseconds [20, 21] . However, even in "simple" systems (e.g. mono-atomic metals) the equilibration of the phononic system proceeds along a complex pathway and it can take tens of picoseconds before a homogeneous temperature is reached [7, 17, 22] .
Time-resolved diffraction techniques are commonly used to determine atomic vibration amplitudes averaged over the Brillouin Zone (BZ) via Debye-Waller analysis of Bragg peaks [7, 16, 17, [23] [24] [25] [26] . However, in order to disentangle the highly correlated nonequilibrium dynamics of electrons and phonons throughout the whole BZ, precise measurements of the non-thermal momentumdependent phonon populations on the (sub)picosecond timescale are required. Such information could be obtained from diffuse ultrafast X-ray and electron diffraction [7, 18, [27] [28] [29] . The full potential of this technique has however not yet been explored, because it requires additional detailed knowledge of the evolving energy flow. This knowledge can be obtained using a recently proposed materials' specific ab initio theory of the non-equilibrium dynamics [22] . The combination of experiment and theory is thus poised to unlock new possibilities to track energy flow between excited electrons and phonons offering a detailed picture of the non-equilibrium phonon dynamics.
In this letter, we investigate the ultrafast non-equilibrium dynamics in a single-crystalline Ni. We use diffuse ultrafast electron diffraction (UED) [7, 18, 29] to track the momentum-resolved phonon occupation dynamics throughout the BZ, which we find to be distinctly different from a thermalized occupation for the first 5 ps after laser excitation. Non-equilibrium ab initio theory [22] provides a parameter free description of the phonon dynamics in good agreement with our measurements. This enables us to disentangle the electron-phonon (el-ph) and phonon-phonon (ph-ph) energy transfer processes. We identify a previously unnoted thermalization process, the backflow of energy from zone-boundary phonon modes to the electrons. In addition, we find that changes in the electronic structure due to ultrafast demagnetization [20] are needed to quantitatively model the observed electron-phonon energy transfer.
Experiment. UED in a pump-probe setup [7, 30] is used to investigate the temporal evolution of the non-equilibrium phonon populations of a single-crystalline Ni film upon femtosecond laser excitation. The reduced multiple scattering at 3.3 MeV beam energy and a flat Ewald-sphere are critical to compare our experiments to ab initio calculations. 20 nm thick Ni (001) films were grown by molecular beam epitaxy onto single-crystalline NaCl (001). The substrate was subsequently dissolved and the Ni films were floated onto TEM grids. This process results in free-standing singlecrystalline Ni films that display sharp Bragg peaks (see Fig. 1(b) ). Near-infrared pump pulses at 800 nm central wavelength and 40 fs duration bring the Ni valence electrons into a highly nonequilibrium state. The size of the pump laser spot was adjusted to provide homogeneous illumination of the Ni sample over the electron beam size of ~100 µm. The laser-excited Ni valence electrons will transfer energy to the phonons through electronphonon interaction as shown schematically in Fig. 1(a) . The response of the phonons is measured in real-time with UED at the SLAC UED facility [30] (200 fs pulse duration) in transmission as shown schematically in the inset of Fig. 1(b) . Time-resolved scattering patterns are recorded for several pump-probe time delays up to 5 ps. shows an example of a scattering pattern measured at 1 ps pump-probe time delay. The diffuse intensity is many orders of magnitude lower than that of the Bragg peaks and is therefore only visible if the stronger Bragg scattering is removed (black discs in Fig. 1(b) ). White lines depict the boundaries of the BZ of fcc Ni and letters specify the positions of high-symmetry points in reciprocal space.
The time evolution of the diffuse scattering intensity [7] provides information about the non-equilibrium phonon populations, in a momentum resolved way. The diffuse intensity in reciprocal space is given as [31, 32] ,
where wn (q) is the frequency of the phonon with mode n and reduced wavevector q, nn(q) is the phonon occupation number and F is the structure factor, 4 ( ) ∝ ∑ [31, 32] . In this expression, f is the atomic scattering factor, m and M s are the mass and the Debye-Waller factor, respectively, of atom s at position r s , + is the phonon polarization vector, and K Q is the closest reciprocal-lattice vector to Q, i.e., Q = q + K Q . In the following we focus on the diffuse scattering evolution along the G220-X-G400 high-symmetry line spanned by the K220 and K400 reciprocal lattice vectors (see Fig. 1(b) ). We have therefore averaged over all four equivalent quadrants of the diffraction pattern shown in Fig. 1(b) . Equation (1) shows that along G220-X-G400 the projection, • 4 , of the phonon polarization, 4 , onto the total transferred wavevector, , changes. This implies that close to G220 we mainly probe phonons with a polarization transverse to their wavevectors q, while near G400 we are equally sensitive to transverse and longitudinally polarized phonons. In the chosen scattering geometry, we are not sensitive to phonons with transverse polarization perpendicular to the plane shown in Fig. 1(b) .
Theory. Our recently developed non-equilibrium theory of the wavevector-dependent ultrafast electron and lattice dynamics [22] has been extended here to explicitly provide the energy transfer between the laser-excited electrons and the lattice. The main features are the phonon branch and wavevector dependence of e-ph coupling and an explicit inclusion of anharmonic effects describing ph-ph scattering events. We model the non-equilibrium variation of the wavevector-dependent phonon populations as seen by UED [7] . For the employed laser excitation fluences far below the melting threshold, any variation of the diffuse scattering intensity due to phonon mode softening (see Eq. (1)) is expected to be small [33] and is hence neglected. Importantly, our kinetic theory captures the full transient dynamics of the non-equilibrium phononic populations. The rate of exchange that defines the time evolution of the nonequilibrium energy flow between the electronic system and the different phonon modes after laser excitation is calculated by numerically solving the following rate equations
where + R , S T is the non-equilibrium phonon population of phonon mode with branch , with S being the time-dependent amount of energy stored in this particular mode. ( ) is the pump laser field that generates the non-equilibrium electronic distribution.
is the phonon linewidth due to e-ph scattering, which depends explicitly on the phonon mode, electronic spin degrees of freedom and on the electronic energy, J . It is therefore a time dependent quantity. Note that, while the first terms on the right-hand side of Eqs. (2) define the energy flow due to e-ph interaction, the term,
, defines the energy flow due to ph-ph scattering processes and explicitly accounts for the system anharmonicities [22] . To obtain a full solution of the non-equilibrium model defined by Eq. (2), we compute all required material-specific quantities using spin-polarized density functional theory, and solve Eq. (2) numerically [22] .
Results. Figure 2 shows measured and calculated Ni phonon properties for phonon wavevectors along the G220-X-G400 highsymmetry line, between the (220) and (400) Bragg peaks in Fig.  1(b) . Figure 2 (a) displays the calculated phonon dispersions along this line. Experimentally only the L and T phonon modes in Fig 2(a) with a polarization in the scattering plane shown in Fig. 1(b) can be detected. The Tperp mode (dotted line in Fig. 2(a) ) is polarized perpendicular to this plane and is therefore not observed. The measured diffuse scattering intensities for different time delays are displayed in Fig. 2(b) (symbols) with vertical offsets for clarity. The curves represent the difference intensity between laser-on and laseroff at the indicated pump-probe time delays and therefore correspond to the laser-induced changes in the phonon population (see Eq. (1)). Note that on approaching the G-points the measured intensities are dominated by Debye-Waller attenuation of the Bragg peaks [7] . These data are omitted in Fig. 2(b) . The diffuse intensities display characteristic changes with time delay: The total amount of scattering intensity increases and the intensity distribution shifts towards the G-points. This is qualitatively similar to our previous observations in Au [7] but the changes occur much faster for Ni.
Lines in Fig. 2(b) represent two calculated scenarios, transient phonon excitation for ferromagnetic Ni (dashed lines) and for a ferromagnetic to non-magnetic phase transition (drawn lines). It is evident that the purely ferromagnetic case does not reproduce the experimental observations. In this case there is a fast transfer of electronic energy into phonons resulting in a much higher mode occupation, and also a faster lattice relaxation, than experimentally observed at all pump-probe delay times. Since we are using ab initio electron-phonon coupling parameters we can conclude that assuming an unchanged e-ph coupling of Ni obviously does not properly describe the case of ultrafast laser excitation.
Fig. 2. Calculated and measured Ni phonon properties along the G220-X-G400 line. (a) Calculated phonon energy dispersions for one longitudinal (L, drawn line) and two transverse (T, dashed line, Tperp dotted line) phonon branches, along the phonon linewidths due to electron-phonon and phonon-phonon interactions. Only the L and T branches are probed experimentally. (b)
Measured (symbols) and theoretical (lines) diffuse scattering intensity for the indicated pump-probe time delays. Dashed lines were calculated for a ferromagnetic electronic structure while for the drawn lines it was assumed that the electronic structure becomes non-magnetic after 300 fs as described in the text.
This confirms the well-known fact that Ni demagnetizes upon ultrafast laser excitation within several 100 fs [5, 6, 20] . The collapsing exchange splitting on demagnetization changes the electronic structure of Ni [20, 21] . This ultrafast modification of minority and majority-spin electron distributions induces an ultrafast adjustment of the spin-dependent e-ph coupling. In ferromagnetic Ni, the e-ph coupling is mainly caused by minority spin d-electrons close to the Fermi level while the e-ph coupling strength from majority sp-electrons is two orders of magnitude smaller. It is expected that the ultrafast demagnetization of Ni leads to an increase of minority-spin sp-electrons. These time-dependent changes of the e-ph coupling strength due to demagnetization are accounted for in a simplified manner (drawn lines in Fig. 2(b) ) by assuming a ferromagnetic e-ph coupling for the first 300 fs after laser excitation [20] and a non-magnetic one afterwards, with a reduction of the e-ph coupling by a factor of four. This results in an excellent agreement with the experimental measurements for all time delays and phonon modes. It is important to note that only one single global scaling factor has been applied to match experimental and theoretical diffuse scattering intensities which demonstrates the predictive power of our model. This allows us to gain further insights in the competition between the microscopic e-ph and ph-ph energy-transfer mechanisms and the energy flow in the laser-excited nonequilibrium state. Figure 3 summarizes the computed energy transfer rates between electrons and phonons (e-ph in Fig. 3(a) ) and within the phonon system (ph-ph in Fig. 3(b) ). One can clearly observe that the both e-ph and ph-ph energy transfer rates display pronounced dependences on the phonon momentum and delay time.
At early times the e-ph energy transfer rate is very high and even further enhanced due to the four-times higher e-ph coupling in the ferromagnetic state compared to the non-magnetic electronic structure after ~300 fs. The energy transfer is strongest near the BZ boundary. Phonon modes near the BZ center at all times display a positive e-ph energy transfer rate. This is reflected in a monotonous increase of the diffuse intensity with delay time at 0.25G-X as shown in the inset of Fig. 3 for both experiment (symbols) and theory (lines). In contrast the e-ph energy transfer at the BZ boundary changes sign leading to a broad maximum in the diffuse intensity at X near 2 ps delay time (inset of Fig. 3 ). At this point the direction of the energy flow is reversed and high-momentum phonons transfer energy back to electrons as depicted schematically in Fig. 1(a) . This effect is enhanced by the relatively small ph-ph energy transfer rate, shown in Fig. 3(b) for three-phonon scattering processes. Note that in Fig. 3(b) energy transfer can also involve phonons away from the G220-X-G400 high-symmetry line. The ph-ph energy transfer rate also shows a momentum dependence. We find energy losses near the Xpoint and energy gains near G at all delay times. However, the small values of the ph-ph energy transfer rates near the X-point demonstrates that during the probed time delays the diffuse intensity near the BZ boundary indeed directly reflects the e-ph energy flow. Based on the good agreement between measured and calculated diffuse intensities we can now determine separately the phonon occupations and the energy content of the L-and T-modes. Figure 4 shows, as an example, for a delay time of 1.5 ps the (normalized) deviation from an equilibrium phonon distribution ∆ h / Jj = ( hJj − Jj ) Jj ⁄ with Jj the thermal equilibrium occupation along the Γ-K-X high-symmetry line. In Fig. 4(a) this quantity is overlaid with a color-code (blue: under-populated; red: overpopulated) on the dispersion relation for the L-and T-branches. Figures 4(b,c) , and (d,e) show corresponding normalized differential energy distributions ∆ / Jj = ( hJj − Jj ) Jj ⁄ as a function of phonon momentum and frequency, respectively. These graphs clearly demonstrate that for the given delay time the energy transferred from the electron system to the lattice is predominantly stored in high-momentum phonons. Moreover, it is worth noting that the phonon momentum, not the phonon energy, determines the e-ph coupling strength and thus the phononic non-equilibrium. This is seen most clearly in the behavior of the L-branch, which exhibits a non-monotonic dispersion relation. Both, ∆ and ∆ increase monotonically with phonon momentum, but exhibit an apparently "irregular" behavior as a function of phonon energy/frequency at higher phonon energies. Here it is important to mention that although Fig. 4(a) is computed theoretically, Figs. 4(b,c) , and (d,e) are extracted from the experimental diffuse intensities. However, due to the noise in the experimental data, we have used an iterative process, where starting from the theoretical L-branch component we obtain the experimental T-branch component from the data. Then by using the experimental data and the experimentally obtained Tbranch component we can extract the experimental L-branch component. It is striking that at no time do we observe phonon populations that correspond to those expected for thermal equilibrium, Jj . While this is expected for sub-ps times, it is surprising that even after several ps it is not possible to define one global phonon temperature. We observe that the deviation from equilibrium is already significant 0.5 ps after laser excitation, showing a large energy accumulation ( hJj > Jj ) at the phonon "hot spots", i.e. highwavevector phonons with strong e-ph coupling, while limited energy has flowed into the region around the BZ center ( hJj < Jj ). This behavior is further enhanced up to about 2 ps at which time the backflow of energy from the phonon hot spots to the electronic system sets in. This process provides, surprisingly, the most effective channel for lattice equilibration. The alternative path of lattice relaxation, i.e ph-ph energy transfer, does not contribute significantly, as it takes several 10 ps, which is much longer than the probed temporal range in this study.
Conclusions. We have presented a combined experimental and theoretical study of the energy dynamics during the first 5 ps following femtosecond laser excitation of a Ni film. We quantify the deviations of the phonon occupations relative to thermal equilibrium and find the results are in stark contrast to what is commonly expected from a two-temperature model analysis. Our results clearly demonstrate that during the whole time the lattice remains out-ofequilibrium even for such a simple system with only one atom per unit cell. Initially the energy delivered by the laser into the electronic systems is shared inhomogeneously with the lattice via the electronphonon coupling with a positive energy balance from the electrons toward the lattice. This leads to phonon regions which are largely heated (BZ edges) compared with other regions (BZ center). As a consequence, an entangled energy flow between different phonon modes and the electronic system is initiated. At larger timescales the hot phonon modes with large energy densities start losing energy while those with smaller local energy densities keep gaining energy. We find that the energy flow from the electrons toward the lattice has an explicit dependence on the magnetic character of the system, and magnetization changes entails significant modification of the lattice dynamics. Our results demonstrate a robust and straightforward way to disentangle the complex non-equilibrium interplay between electrons and phonons that can be extended to more complex materials.
